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CFD Simulations of a Bubble Column Operating in the
Homogeneous and Heterogeneous Flow Regimes

By J. M. van Baten and R. Krishna*

Bubble columns are operated either in the homogeneous or heterogeneous flow regime. In the homogeneous flow regime, the
bubbles are nearly uniform in size and shape. In the heterogeneous flow regime, a distribution of bubble sizes exists. In this paper,
a CFD model is developed to describe the hydrodynamics of bubble columns operating in either of the two flow regimes. The
heterogeneous flow regime is assumed to consist of two bubble classes: “small” and “large” bubbles. For the air-water system,
appropriate drag relations are suggested for these two bubble classes. Interactions between both bubble populations and the
liquid are taken into account in terms of momentum exchange, or drag-, coefficients, which differ for the “small” and “large”
bubbles. Direct interactions between the large and small bubble phases are ignored. The turbulence in the liquid phase is
described using the k-¢ model. For a 0.1 m diameter column operating with the air-water system, CFD simulations have been
carried out for superficial gas velocities, U, in the range 0.006-0.08 m/s, spanning both regimes. These simulations reveal some of
the characteristic features of homogeneous and heterogeneous flow regimes, and of regime transition.
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1 Introduction

When a column filled with a liquid is sparged with gas, the
bed of liquid begins to expand as soon as gas is introduced. As
the gas velocity is increased, the gas holdup € increases almost
linearly with the superficial gas velocity, U, provided the value
of U stays below a certain value U,y This regime of
operation of a bubble column is called the homogeneous
bubbly flow regime. The bubble size distribution is narrow and
aroughly uniform bubble size, generally in the range 1-7 mm,
is found. When the superficial gas velocity U reaches the value
Ulrans, coalescence of the bubbles takes place to produce the
first fast-rising “large” bubble. The appearance of the first
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regime, small bubbles combine in clusters to form large

bubbles in the size range 20-70 mm [2]. These large bubbles
travel up through the column at high velocities (in the range 1
2 m/s), in a more or less plug flow manner [3]. These large
bubbles have the effect of churning up the liquid phase and
because of their high rise velocities they account for a major
fraction of the gas throughput [4]. Small bubbles, which
coexist with large bubbles in the churn-turbulent regime, are
“entrained” in the liquid phase and, as a good approximation,
have the same back-mixing characteristics of the liquid phase
[5]. The two regimes are portrayed in Fig. 1 for operation of a
bubble column of 0.1 m diameter with the air-water system.
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Superficial gas velocity, U/ [m/s]

Figure 1. Experimental data on gas holdup in a 0.1 m diameter bubble column
operating with the air-water system spanning both the homogeneous and
heterogeneous flow regimes.

Several recent publications have established the potential of
Computational Fluid Dynamics (CFD) for describing the
hydrodynamics of bubble columns [6-17]. These CFD models
are developed for either the homogeneous [8-11] or hetero-
geneous [12-17] flow regimes. The first major objective of the
present communication is to develop a CFD model to describe
both regimes, including regime transition. The second
objective is to examine the extent to which CFD models are
able to describe quantitatively the variation of € with Uin both
flow regimes. This study helps to underline the distinguishing
characteristics of both regimes.
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2 Development of CFD Model

Our approach for modeling purposes is to assume that in the
heterogeneous flow regime we have two distinct bubble
classes: “small” and “large”; see Fig. 2. The small bubbles are
either spherical or ellipsoidal in shape depending on the
physical properties of the liquid [18]. The large bubbles fall
into the spherical cap regime. In conformity with the model of
Krishna and Ellenberger [3], we assume that the superficial
gas velocity through the small bubble phase corresponds to
that at the regime transition point, Ui, The transition
velocity can be estimated using the Reilly et al. [19]
correlation, or can be provided as model input.
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Figure 2. Model for bubble columns operating in the heterogeneous flow
regime.

For each of the three phases shown in Fig. 2 the volume-
averaged mass and momentum conservation equations in the
Eulerian framework are given by:

%+ V- (pem) =0 @
i) 5 (e, — ey (Vo + (V")) =
5t k€ Wi U k <k k k
—ekVp + Mkl + Prg (2)

where py, W, € and py represent, respectively, the macro-
scopic density, velocity, volume fraction and viscosity of the
kth phase, p is the pressure, My, the interphase momentum
exchange between phase k and phase / and g is the
gravitational acceleration.

The momentum exchange between either bubble phase
(subscript b) and liquid phase (subscript L) phases is given by

3 ¢
M, , i d_bCD (w, _“L)’ub _“L‘
b

®)

The liquid phase exchanges momentum with both the
“small” and “large” bubble phases. No interchange between

1)  List of symbols at the end of the paper.
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the “small” and “large” bubble phases have been included in
the present model and each of the dispersed bubble phases
exchanges momentum only with the liquid phase. The
interphase drag coefficient is calculated from equation

_4p.—Pg gd 1

- % @)
3 p, 'V,

D
where V,, is the rise velocity of the appropriate bubble
population. We have only included the drag force contribution
to ML}, , in keeping with the works of Sanyal er al. [9] and
Sokolichin and Eigenberger [10]. The added mass and lift
forces have been ignored in the present analysis.

For the continuous, liquid, phase, the turbulent contribution
to the stress tensor is evaluated by means of the k- model,
using standard single-phase parameters C,, = 0.09, C; = 1.44,
C5.=1.92, 0y, =1 and o, = 1.3. No turbulence model is used for
calculating the velocity fields inside the dispersed “small” and
“large” bubble phases.

For the small bubbles the interphase drag coefficient is
calculated from [18]:

Cp =3 VEB 5)
with
£ 8L —Oﬂg)df, ©

where dy, is the equivalent diameter of the bubbles. For a single
bubble rising in a quiescent liquid, the rise velocity Vo can be
calculated from the drag coefficient:

™)

The calculations of the single bubble rise velocity Vi using
Egs. (5)—(7) compare very well with the rise velocity of single
air bubbles in water [20]; see Fig. 3(a). We note that the rise
velocity is practically independent of the bubble size in the 3-8
mm range. For the simulations reported here, we choose a
small bubble diameter di, = 5 mm.

For values of E6 > 40 (for air-water system, this corresponds
to bubble sizes larger than 17 mm), bubbles assume a spherical
cap shape. The rise velocity of spherical cap bubbles is given by
the classic Davies and Taylor [21] relationship:

Vo = V8d,/2=0.71,/gd,

The calculations of the single bubble rise velocity Vi, using
Eq. (8) compare very well with the rise velocity of single air
bubbles in water [20] in the 17-60 mm size range; see Fig. 3 (b).

The drag coefficient for these large bubbles is given by

®)

c,=2

: ©

In the simulations reported below, a large bubble diameter
of 20 mm was used.

Chem. Eng. Technol. 25 (2002) 11
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(a) Small bubbles

(b) Large bubbles

Figure 3. Experimental data on single bubble rise
velocity as a function of bubble diameter [20],
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A commercial CFD package CFX, versions 4.2 and 4.4, of
AEA Technology, Harwell, UK, was used to solve the
equations of continuity and momentum. This package is a
finite volume solver, using body-fitted grids. The grids are
nonstaggered and all variables are evaluated at the cell
centers. An improved version of the Rhie-Chow algorithm
[22] is used to calculate the velocity at the cell faces. The
pressure-velocity coupling is obtained using the SIMPLEC
algorithm [23]. For the convective terms in Egs. (1) and (2),
hybrid differencing was used. A fully implicit backward
differencing scheme was used for the time integration.

Simulations were carried out for a 0.1 m diameter bubble
column with the air-water system, operating at superficial gas
velocities in the range U = 0.006 to 0.08 m/s. From the Reilly et
al. correlation [19] it was determined that the superficial gas
velocity at the regime transition point for air-water is U ans =
0.034 m/s; this is also the value of the regime transition velocity
for the experimental data shown in Fig. 1. For air-water
operation at U < 0.034 m/s, homogeneous bubbly flow regime
was taken to prevail. Therefore, only two phases—small
bubbles and liquid —are present. For churn-turbulent opera-
tion at U > 0.034 m/s, the complete three-phase model was
invoked. Following the model of Krishna and Ellenberger [3],
we assume that in the churn-turbulent flow regime the
superficial gas velocity through the small bubble phase is
Uirans = 0.034 m/s (see Fig. 2). The remainder of the gas
(U-Uyans) Was taken to rise up the column in the form of
large bubbles. This implies that at the distributor the
“large” bubbles constitute a fraction (U-Uans)/U of
the total incoming volumetric flow, whereas the “small”
bubbles constitute a fraction (Uyans/U) of the total incoming
flow.

The simulations were carried out using axi-symmetric 2-D
grids. The grid details are shown in Fig. 4; the total number of
grid cells is 1500. The small bubbles were injected at the inner
12 of 15 cells in the bottom patch. The large bubbles were
injected at the inner 9 of 15 cells of the bottom patch. A
pressure boundary condition was applied to the top of the
column. A standard no-slip boundary condition was applied
at all walls. The time stepping strategy used in all simulations

Chem. Eng. Technol. 25 (2002) 11,
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compared with predictions of the drag model
adopted in this work for (a) small bubbles and (b)
large bubbles.

was 100 steps at 5 x 10~ s, 100 steps at 1 x 10™ s, 100 steps at
5x10™s,100stepsat 1 x 105,200 steps at 3 x 10~ s, 1400 steps
at 5 x 107 s, and the remaining steps until steady state is
achieved at 1 x 107 s. Steady state was indicated by a situation
in which all of the variables remained constant.

The 2-D simulations were carried out on Silicon Graphics
Power Indigo workstations with 75 MHz R8000 processors, a
Silicon Graphics O2 workstation with a 150 MHz R10000
processor and a Windows NT PC with a single Pentium
Celeron processor running at 500 MHz. Each simulation was
completed in about a day.

Further computational details of the model and simulations,
along with animations, are available on our web site: http://ct-
cr4.chem.uva.nl/regimes/.

Front view:
Top: pressure
boundary
2D top-view:
1 slice
20m
100 cells
Symmetry| .
axis (uniform)
Wall: default
no-slip boundary
Bottom:
gas inlet
(12/15 for small bubbles)

(9/15 for large bubbles)

«—>

0.05m
15 cells
(uniform)

Figure 4. Computational grid details.
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3 Simulation Results

A typical transience of the gas and liquid velocities, at
the center of the column, are shown in Fig. 5 for operation at
U = 0.02 and 0.05 m/s. Steady state is reached within about
4000 time steps. The steady-state values of all the hydro-
dynamic parameters were determined at a position 1 m above
the distributor and reported below.

The radial distributions of gas holdup and liquid velocities,
at steady state, for operation in the homogeneous flow regime
(U £ 0.034 m/s) are shown in Fig. 6. There is substantial
downflow of liquid near the walls; this downflow velocity

(a) homogeneous, U = 0.02 m/s

Figure 5. Transient approach to steady state
in the bubble column. Simulation results for (a)
U = 0.020 m/s and (b) U = 0.05 m/s. Values
monitored at a height of 1 m above the
distributor. Animations can be viewed on the

Velocity at centre of column / [m/s]

increases with U. With increasing U, the gas holdup profiles
lose their plug flow character in increasing measure, and
assume a parabolic shape.

The radial distributions of total gas holdup and liquid
velocities, at steady state, for operation in the hetero-
geneous flow regime (U > 0.034 m/s) are shown in Fig. 7.
With increasing gas velocity, the gas bubbles tend to
concentrate more and more in the central core of the
column. This concentration of bubbles in the central core
causes a substantial increase in the liquid circulations,
evidenced by the increasingly large downward flow near the
walls.

(b) heterogeneous, U = 0.05 m/s
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The radial distribution of the fraction of the total gas holdup
that is present as (a) small and (b) large bubbles is shown in
Fig. 8. With increasing superficial gas velocity the fraction of
large bubbles increases; this increase takes place almost
exclusively in the central core of the column. In the
heterogeneous flow regime the small bubbles tend to
concentrate near the peripheral, wall-, regions.

The cross-sectional area averaged values of the gas holdup
and the center-line liquid velocities are shown in Figs. 9(a) and
(b). Also plotted in Fig. 9(a) are the values of the small bubble
holdup. In the heterogeneous flow regime, the small bubble
holdup attains a constant value, equal to the holdup at the
regime transition point, €;..ns. This assumption is basic to the
model of Krishna and Ellenberger [3] for prediction of the
estimation of the total gas holdup in the heterogeneous flow
regime. We also note a sharp change in the slope of the € vs. U
curve at U = Uy,apg; this is consistent with experimental data
obtained in a 0.1 m diameter (also in Fig. 9(a)). For the center-
line liquid velocity, Vi (0), there is no sharp change in the
values at the regime transition point.

4 Conclusions
We have developed a CFD model to describe the hydro-

dynamics of an air-water bubble column operating in both
homogeneous and heterogeneous flow regimes. In the

(a) Fraction of small bubbles

heterogeneous flow regime, the large bubbles are found to
concentrate in the central core of the bubble column, whereas
the small bubbles are distributed throughout the column.
The small bubble holdup is practically constant in the
heterogeneous flow regime and its value corresponds to that at
the regime transition point. Our CFD simulations verify this
basic assumption of the Krishna-Ellenberger [3] model.

Acknowledgement

The Netherlands Organisation for Scientific Research
(NWO) is gratefully acknowledged for providing financial
assistance in the form of a “programmasubsidie” for
development of novel concepts in reactive separations
technology.

Received: May 6, 2002 [CET 1601]

Symbols used

Cp [] drag coefficient, dimensionless
dy, [m] diameter of bubble

Dy [m] column diameter

Eo ] Eo6tvos number,

glpp — py)d; [0

(b) Fraction of large bubbles

1.0
0.6
o o —O— 0.035m/s
05 ® —0— 0.036 m/s
3 08V 2 :
2 E —A— 0.038 m/s
a o 04 —v— 0.040 m/s
° —O— 0.085m/s S —— 0.050 m/s
£ o6 —0— 0.086 m/s £ os —®— 0.060 m/s
% —A— 0.038 m/s % ’ 0.070 m/s
c —v— 0.040 m/s c —4&— 0.080 m/s
2 —O— 0.050 m/s g 02 o
= 0414 —©— 0.060 m/s g A Figure 8. Radial distribution of the fraction of
r &= 0070 m/s 0.1 total gas holdup that is present as (a) small
r —A— 0.080 m/s U N .
8 O bubbles, and (b) large bubbles for varying
0.2 -t e e 00 5 tficial gas velocities U in the heterogeneous
000 001 002 003 004 005 000 001 002 003 004 005 superlicial g . rog
flow regime. Values monitored at a height of 1 m
radial distance, r/ [m] radial distance, r/[m] above the distributor.
(a) gas holdup (b) Centre-line liquid velocity
06
E‘ L
@] £ L
< 05 o
trans o =~ L (e}
a =] = L trans
= & O >~ o4l o
B o = r o
5 .
] A A A A e 03p &p
[} N (¢]
< 2 L
1%} 3 L
] £ o2 oCp
o ° F o . .
A small bubbles, CFD 2 F 69 Figure 9. (a) Cross-sectional area averaged gas
O total gas, expt = 01l holdup as a function of the superficial gas
—0O— total gas, CFD s T velocity. Both the total gas holdup and the small
I T © 0 0 : I T T S N bubble ho}dup are Shown. (b) Center_llne llquld
0.04 0.06 0.08 "0.00 0.02 0.04 0.06 0.08 velocity as a function of the superficial gas

Superficial gas velocity, U/ [m/s]

Chem. Eng. Technol. 25 (2002) 11,

Superficial gas velocity, U/ [m/s]

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

velocity. Also plotted is the total gas holdup data
for air-water system in a 0.1 m diameter column.
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g [ms?] gravitational acceleration, 9.81 m s

g [m s gravitational vector

M [N/m’] interphase momentum exchange term

)4 [Pa] system pressure

r [m] radial coordinate

t [s] time

u [m/s] velocity vector

U [ms™] superficial gas velocity in the riser

Vi(r) [ms™] radial distribution of liquid velocity

Ve(0) [ms™] center-line liquid velocity

Vi [ms™] bubble rise velocity

Voo [ms] single bubble rise velocity

Greek symbols

€ [-] total gas holdup, dimensionless

u [Pas] viscosity of fluid phase

p [kg m™ density of phase

o [Nm™] surface tension of liquid phase

Subscripts

b referring to bubbles

L referring to liquid

T tower or column

k,1 referring to phase k and I respectively
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